Abstract-Reducing the profile, footprint and weight of antennas embarked on aircrafts, drones or satellites has been a long pursued objective. Here we tackle this issue by developing a millimeter-wave 96 GHz elliptical Bull's-Eye antenna with off-axis radiation at 16.5°that has been fabricated by low cost 3-D printing stereolithography, followed by metal coating. The theoretical basis for optimum off-axis operations is explained. Measurement results show an overall good agreement with simulations, displaying a gain of 17 dB and a 3.5°beamwidth (E-plane) at the operational frequency. The off-axis beaming enlarges the potential applicability of this technology with respect to the broadside beam solution.
I. INTRODUCTION
T HE increasing data transfer volume driven by mobile communications, surveillance, and space-based navigation systems is rising wireless bandwidth demand on an unprecedented scale [1] , [2] . To give solution to this growing exigence, engineers are moving into the millimeter-wave region [3] - [5] . In this range, one may reduce the footprint and profile of high and medium gain antennas, resorting to a leakywave radiation mechanism [6] . This is particularly appealing for antennas mounted on unmanned aerial vehicles (UAV), microsatellites and cubeSats [7] .
Leaky-wave antennas are classical radiating structures that have been known for a long time. Hansen [8] patented a slitted electromagnetic waveguide capable of radiating a steerable beam. Later, Oliner et al. studied the leakage of waveguides with different discontinuities along a sidewall, performing a thorough analysis for uniform antennas [9] , [10] , and quasi-uniform antennas [11] . In parallel, modulated surfaces were analyzed for the propagation of surface and leaky waves in [12] and, soon after, for radiation from periodic structures [13] . Guglielmi and Jackson [14] , Lovat et al. [15] , and Podilchak et al. [16] have presented the leaky-wave propagation and beam-scanning capabilities of diverse structures. Nowadays, an extensive bibliography can be found on the subject [17] - [19] .
Among the periodic structures, an interesting kind of antenna was reported in the microwave range as an evolution of the extraordinary optical transmission works developed in [20] - [22] . These antennas consist of a radiating slot surrounded by straight parallel [23] - [25] or annular concentric [26] corrugations. In the latter case, the structure is usually called Bull's-Eye (BE) antenna. BE antennas can be designed for broadside operation at a specific frequency. Due to the symmetry of the BE structure, they can also be designed to produce a conical-sector beam pattern within certain frequency range [27] , although this pattern can also be achieved with a half BE [28] .
The interpretation proposed in the optical regime was based on the coupling of the incident light to surface plasmon polaritons supported by the metal-air interface, excited thanks to the periodic structure milled on the metal [20] . Although this explanation was valid in that range given that the real part of the permittivity of metals is negative and comparable in magnitude to the permittivity of air, it was not completely accurate at lower frequency ranges, such as microwaves or millimeter-waves where metals are better described using a high conductivity approximation. Therefore, an alternative explanation was put in terms of the leaky-wave theory [29] , [30] , complementing the plasmonic interpretation. These antennas have been demonstrated at millimeter-waves for automobile radar [31] and space research applications [7] as well as in the terahertz [32] and midinfrared band for quantum-cascade lasers [33] .
In [16] , [27] , and [34] - [36] , a novel leaky wave BE antenna design was analyzed thoroughly. Its novelty laid in that it consisted on a grounded dielectric slab (GDS) loaded with annular concentric metallic strips and fed by a coupled aperture slot along with a surface wave launcher. By means of this arrangement, the leakage of a TM 0 mode surface wave is achieved, in contrast to the TE 1 mode used in classical methodologies [14] , [37] , [38] . In addition, a technique to ensure efficient TM 0 radiation through the sectoring of the metallic grating to suppress the TE field distributions was presented. Previously, Encinar [37] had presented a thorough analysis of the methods which permitted to obtain the fields in any region and the radiation characteristics of dielectric slabs loaded with metal strips, when the strip thickness was taken into account (mode matching method) or not (point matching method). Closer in time, the modal properties of the leaky and surface waves propagating along the metallic gratings on the GDS were scrupulously described in [39] .
While clarifying the physical connection between the optical concept of holography and the leaky wave mechanism, a double period strip grating enabling off-broadside beaming was reported in 2007 [40] . Likewise in [41] and [42] a thorough analysis was done about the beam sweeping capability of asymmetric structures based on subwavelength slits perforated in slabs surrounded by gratings at both sides. Tilted beams can also be obtained at lower frequencies with the use of metasurfaces made of subwavelength patches printed over a substrate [43] , [44] .
Taking as a basis the results of [45] , different modifications of the symmetric BE topology were studied for multiple discretely steerable beams [7] . Namely, a mechanically rotating plate containing a six-sector ring pattern placed over a central slot was proposed to obtain six different radiation angles for CubeSat applications [46] . In parallel to this paper, but unrelated to the steering capabilities of the antenna, the increase of its directivity by the sole addition of a dielectric superstrate was proven in [47] .
Here, motivated by the fast-prototyping and lightweight advantages provided by 3-D printing technology, an off-axis BE antenna working at 96 GHz has been designed, fabricated, and experimentally characterized. Although a similar antenna was presented in [48] , design criteria were not disclosed in the above reference, and are reinterpreted here on the basis of a diffracted ray model. This asymmetric structure allows the antenna to radiate a steered beam in a direction governed by a forward (backward) interaction between the cylindrical wavefront of the wave launched by the feed and the annular corrugations in the upper (lower) part of the structure. Meanwhile, the stereolithography (SLA) 3-D printing followed by chemical and electroplating metallization offers a rapid and cost-effective fabrication solution of antennas, which easily includes the feed. The fabricated antenna presents a peak gain of 17 dB with a narrow beamwidth of approximately 3.5°in the E-plane. Experimental and numerical results show good agreement when fabrication tolerances are taken into account in the model. This structure offers a medium gain with the benefits of a reduced profile and a weight less than a fourth of a solid copper antenna. This paper is organized as follows. Section II presents design formulas for the groove's design. Section III illustrates the details of the design procedure and the full wave simulations. Section IV presents the fabrication process and the experimental measurement. Section V concludes with a summary.
II. FORMULATION OF THE GROOVE EQUATIONS
In this section, we derive design equations for the curvilinear grooves to obtain an off-axis beam. With reference to Fig. 1 , the upper half of the antenna (with y > 0) is designed to support a forward leaky-mode (from here on we will call FW to this part) and the lower half (BW part) is designed to support a backward leaky-mode. The grooves are designed so that at the operation frequency both parts of the aperture generate a beam in the same direction [see Fig. 1(b) ]. In the following, we describe the physical mechanism that leads to the design formulas.
The depth of the grooves is less than a quarter wavelength at the operation frequency and the width w (= w F W = w BW ) is very small compared to the wavelength. Both parameters can be adjusted with different values in the FW and BW parts of the grooves to improve the antenna performance ( p BW , p F W and w BW , w F W , depths and widths respectively). We assume that the structure is excited by an open ended waveguide centered at the origin of the reference system x-y-z. The observation point at the free-space interface is described by the cylindrical coordinates ρ, ϕ. The feed excites a grazing wave propagating with vertical electric field and cylindrical wavefront with free-space radial wavenumber k = ω(ε 0 μ 0 ) 1/2 . Let us assume that the grazing wave can be described by radial rays at the first groove [ Fig. 1(a) ].
Consider first the coupling of the grazing wave with the curvilinear groove closest to the origin. We assume that the axis of this first groove is described by the polar coordinate equation ρ = d(φ), where ϕ ∈ (0°, 180°) for the FW part and ϕ ∈ (180°, 360°) for the BW part of the aperture [see Fig. 1 
Our goal is finding the analytical expression of the function ρ = d(φ) for ensuring a phase-coherence condition for the scattered field from the first curvilinear groove in a direction r = cos θ ẑ + sin θ ŷ [namely in a direction which forms an angle θ with the z-axis in the yz plane (see Fig. 1 )]. To this end, we can substitute the groove apertures with magnetic current rings radiating on top of the ground plane and fed by the grazing ray-field. The phase-matching conditions of scattered rays in directionr can be formulated as
where r is the far-field distance from the origin,ρ = cos ϕx + sin ϕŷ is the radial (ray) direction and d 0 = d(ϕ = 0) is the distance of the first groove from the origin in the x-direction.
The term in the square brackets in (1) is the far-field distance of a generic point of the ring in directionr [see Fig. 1(a) ]. We note that (1) is valid in both FW and BW regions because of the sign inversion of the vertical electric field launched by the source in the two regions [see Fig. 1(b) ]. Sinceρ ·r = sin θ sin ϕ, we may rewrite (1) as
which defines the equation of the first groove as an ellipse with one focus at the origin. The intersection distance of the first groove with the y-axis is obtained by substituting ϕ = π/2 and ϕ = 3π/2 in (2). We denote this distance by d F W and d BW , respectively
The equations of the other magnetic current rings (grooves) can be calculated by assuming that the magnetic currents on all rings essentially depend on the incident field and not on the field scattered by the other grooves. Therefore, we can find their equations just setting kd 0 + 2nπ, n = 0, 1, 2, . . . , in place of kd 0 in the second member of (1). This implies that all rings radiate in phase with the first ring (n = 0). This leads to
where λ is the free space wavelength and by definition
. Equation (4) represents the equations of confocal ellipses with one focus at the origin. Note that in the FW region sin ϕ is positive, and then the interspace between grooves, represented by
is larger than the wavelength, while in the BW region sin ϕ is negative and the groove interspace is less than a wavelength. In particular, for ϕ = π/2 and ϕ = 3π/2 we obtain, respectively, the following interspaces:
Equation (5) has an interesting interpretation. Let us denote byn andτ , the unit vector normal and tangent to ρ = d(φ) at each point P ≡ (ρ, ϕ), respectively [see Fig. 1(a) ]. Imagine that the aperture domain is decomposed into angular sectors of elementary angular aperture dϕ, each sector fed by a grazing ray-field propagating alongρ. The magnetic currents that represent each groove can be locally thought of as obtained from the interaction between a local planar wavefront and 1-D rectilinear oblique grooves locally tangent to the curvilinear grooves, and with local period alongρ given by D(ϕ). The latter is a sort of local "canonical" problem to which we may attribute a generalized Floquet-wave expansion with dominant (0-indexed) local wavevector given by kρ. The other wavevectors of this local expansion can be found as follows. First, one projects kρ along the two directionŝ n andτ . The component alongτ is preserved along the raypath, while the component alongn is affected by the local periodicity D(ϕ) and therefore by a periodic shift equal to 2πm/[D(ϕ)n ·ρ]; m = 0, ±1, ±2... The local wave vector of the dominant leaky wave β LW is obtained by setting m = −1, which is the only spatial harmonic inside the visible region. This procedure leads to
Introducing in the above equation the value D(ϕ) = λ/(1 − sin θ sin ϕ) and the analytical expression ofn
it can be easily shown that (6) implies β LW = k sin θ ŷ. This means that the direction of the local leaky wave wavevector is independent of ϕ for all the angular sector, and therefore define a global linear phasing of the aperture along the y-direction. In the interpretation we have just described, the angular sectors relevant to y < 0 and y > 0 contribute with local backward and forward local leaky modes contributions, respectively.
III. PROTOTYPE DESIGN AND SIMULATION RESULTS
For a complete characterization of the antenna, the whole structure was designed and studied using the commercial software CST Microwave Studio [49] . A magnetic symmetry was defined in the yz plane to reduce the computational effort. The optimized parameters are summarized in Table I .
The grooves have been designed using (4) . The open ended waveguide cross section, hereinafter simply denoted by slot, has the next parameters: s x = 1.627 mm × s y = 0.470 mm; the slot depth is s z = 0.77 mm perforated on a metallic 74 mm × 71 mm slab, fed by a WR-10 standard waveguide fixed on the rear part. This slot permits the coupling of the power to a transverse magnetic (TM, with H field normal to z) surface wave, which propagates along the metal-air interface, through the transversal resonance determined by its width. The arbitrary constant d 0 as well as the grooves' width and depth for both FW and BW regions were obtained by means of an optimization routine, based on the Trust Region Framework, setting as a goal achieving the highest possible gain at θ = 15°a nd as low sidelobe level as possible at the design frequency. Due to the asymmetry of the antenna, the optimization routine for the groove's dimensions took into account the possibility of different widths and depths. Based on previous works, λ/7 was chosen as a seed for both width and depth at both sides. The optimization, which returned values between λ/6 and λ/8, is essential for a maximum gain at the design wavelength, given that a slight variation of the grooves' dimensions may lead to a shift of the frequency of the maximum radiation. Thus, both the period of the corrugations and their dimensions must be chosen adequately to obtain the largest gain at the frequency of design.
In this case, the optimized groove dimensions excite predominantly the TE 11 mode (referred to the fundamental mode of the coaxial waveguide that can be associated with each groove). If wider corrugations were employed, the first higher order mode (TM 11 ) could also be excited [50] . However, this option was discarded as the wide corrugations at the lower half merged into a single cavity due to their proximity. A nonuniform hexahedral mesh with smallest mesh cell of 44 μm × 32 μm × 127 μm (13.66λ × 9.93λ × 39.40λ) was used to map accurately the geometry.
The number of rings was chosen as a good tradeoff between size, gain, and sidelobe level, as explained next. A simulation study has been performed to observe the evolution of the gain with the number of rings from P = 0 to 8. The results presented in Fig. 2(a) demonstrate that a higher gain as well as a narrower bandwidth is obtained as more rings are added to the grating. The gain increment is reduced when P increases, due to the fact that the field is almost completely radiated when it arrives at the peripheral ring. Thus, as observed in [23] , at a sufficiently large number of periods, the increase of the gain for consecutive number of grooves will be negligible. This was also reported in [26] and very recently in [31] . Fig. 2 (b) displays a detail of the evolution of the E-plane diagram, from θ = 0°to θ = 25°, with P. Remarkably, with just P = 2 the antenna shows a beam around θ = 15°, in comparison with the near isotropic radiation of a noncorrugated structure (P = 0), and as the number of periods is increased, both the beamwidth and the sidelobe level are reduced. Notice that although P = 8 has the higher gain, its sidelobe level is slightly worse than P = 7. Hence, the choice of P = 7 for the prototype. Fig. 3 presents simulation and measurements (commented in the following sections) for the antenna with seven rings. The blue curve in Fig. 3(a) corresponds to the simulated reflection coefficient of the ideal structure, which presents (a) Surface current magnitude distribution in xy plane and (b) near-H x -field in yz plane at f = 91.6 GHz. Inset: detail of the slot and first ring. a dip at ∼93 GHz (the other curves will be commented in the next section). The location of the minimum reflection coefficient is governed by the transversal resonance fixed by the slot width, s x , which is approximately half the operating wavelength at f = 93 GHz (λ = 3.22 mm) and its depth depends on the slot's height s y . Blue curves in Fig. 3(b) and (c) represent the realized gain and the E-plane (yz plane) radiation diagram at f = 91.6 GHz, which is the frequency of maximum gain, respectively. As it is shown that the simulated ideal antenna presents a peak gain of 19.3 dB at the design frequency and the maximum radiation points toward 15°. It has a relatively narrow −3dB beamwidth θ −3dB = 5.1°and the sidelobe (appearing as a slight shoulder at 0.5°) level is near −10.8 dB.
The H -plane radiation pattern at f = 91.6 GHz (elevation angle θ = 15°) is displayed in Fig. 3(d) . The corresponding beamwidth in this plane is ϕ −3dB = 10.2°, and the cross level value is at least −23.2 dB within this beamwidth. Needless to say, the magnetic symmetry of the structure in the yz plane, corresponding to the E-plane, imposes a null of cross-polar at ϕ = 0°. The cross-polar observed for the H -plane can be assigned to the TE 11 mode excited in the grooves that possess E x (and E y ) components.
As it can be seen in Fig. 4(a) , the current density is higher in the vertical direction, corresponding to the E-plane. Thus, this antenna presents a higher leaky wave radiation contribution for this plane [ Fig. 4(b) ]. Regarding the aperture efficiency, as expected for this kind of antennas, a low value of slightly more than e a = 6% is obtained. Fig. 5 (a) presents contour plots showing the simulated realized gain as a function of frequency and angle in the E-plane [ Fig. 5(b) and (c) will be commented in the next section]. It can be seen that from 91 to 96 GHz, the antenna presents a maximum gain exceeding 18 dB with a narrow beam (θ −3dB ∼5°) pointing at 15°and sidelobe level larger than 10 dB out of the 90-92.5 GHz range though. It is also interesting to observe that, inverting (5), the equation which governs the beam direction θ , in the E-plane is given by
By fixing D F W and D BW two sets of curves are obtained by means of (8) as a function of frequency, that are represented By means of (6) the phase constant is both analytically and numerically obtained. Fig. 6 presents a comparison of the numerically computed (red curves) and simulated (blue curves) beam directions as a function of the phase constant β for FW (continuous curves) and BW (dashed curves) parts. Good agreement can be observed for the forward leaky mode. The backward leaky mode shows, however, a slight frequency shift between theory and simulation that we attribute to a combination of numerical error (mainly, originated from the meshing) and antenna finite size effect.
For the sake of completeness, the attenuation constant α was also obtained for both FW and BW halves. For this, two 1-D corrugated antennas, one with the parameters of FW and the other one with the ones of BW part, were simulated. Then, the attenuation constant was calculated by applying the generalized pencil-of-function (GPOF) method [51] to the decaying H x field observed along the propagating surfaces in the y-direction, once the contribution of the flat surface (inversely proportional to the square root of the distance) was subtracted. With this method we obtained α/k = 0.026 and α/k = 0.041 for the FW and BW sections at f ∼92 GHz, respectively. In order to validate these results, these values of the attenuation constant were introduced in the next equation
where θ −3dB is the width of the beam observed for the simulated 1-D structures at the pointing angle θ and k is the free-space radial wavenumber. The semianalytical beamwidth and the beamwidth obtained directly from the far-field simulation were in very good agreement: 3.05°for the FW part and 4.63°for the BW part. The simulated structures consisted of 50 periods so as to avoid reflections at the edge of the structure, which thwart the extraction of α by means of the GOPF method. In addition, (9) is only valid for a periodic structure for which the propagating power remaining on the surface is negligible, which in practical terms is equivalent to a very long structure. However, these values allow us to gain an overall view of the behavior of the seven period structures.
IV. FABRICATION AND EXPERIMENTAL MEASUREMENTS
The antenna was printed in an SLA 3-D Systems Viper machine, based on the layer-by-layer solidification of a photo reactive resin by means of an ultraviolet light beam. The 3-D printed split-block antenna can be seen in Fig. 7 . To minimize radiation losses, the juncture was along the E-plane [52] . Once each half of the antenna was obtained and properly cured, they underwent a four stage chemical process to make them conductive with an electroless nickel layer, over which a copper layer 30 μm thick (conductivity σ = 5.8 × 10 7 S/m) was deposited using an electroplating process. Then, the metallized halves were fastened by means of screws. The fabricated antenna was weighed using a JT-120M Cobos precision balance. The total weight of the final structure was 111.2 g, of which 50.95 g corresponded to the fasteners. In comparison, a solid copper antenna would weight ∼456 g (estimation based on copper's density, 8.9 g/cm 3 ). Thus, an antenna with a weight less than 75% of a solid metal antenna is obtained. Fig. 7 (a) and (b) shows a half uncoated antenna and the metallized antenna, as well as a side view of the flange for both structures. The antenna's dimensions were then measured by means of a Mitutoyo 176-206D electronic microscope in order to quantify the differences introduced due to the fabrication tolerances. Fig. 7(c) -(e) displays a detail of the front view, the slot, and the intersection between upper and lower corrugations, respectively. The largest differences were found for the slot and grooves' width, presenting a ∼1500 μm slot and ∼160 μm narrower grooves (350 μm for the FW region and 260 μm for the BW region). A new series of simulations were subsequently launched incorporating the measured parameters in order to have a more accurate correlation between numerical and experimental results. This corrected design will be referred to in the following as "adjusted" antenna.
The radiation characteristics of the antenna were experimentally obtained by an ABmm Quasioptical vector network analyzer (VNA). First, in order to obtain the reflection coefficient, the BE was connected to a directional coupler and calibrated by blocking the slot with a metallic plane at the output so as to record the maximum reflection. Then, once the short-circuit was removed, the reflection was measured.
As it can be seen in Fig. 3(a) , the measurements (black curve) and simulated adjusted (green curve) results have good agreement. Both present a frequency shift with respect to the ideal geometry (blue curve) simulation, due to the aforementioned fabrication errors. As expected, a narrower slot leads to an S 11 response shifted toward higher frequencies.
E-plane radiation pattern measurements were also carried out. Two opposite platforms were placed at a distance of 4.5 m (due to instrumentation constraints, this value is below the far-field condition which is near 6.5 m), on which the BE antenna and a W -band (WR-10 standard) horn antenna were placed and carefully aligned. The antenna under test was mounted over a software controllable rotary platform, which permitted azimuth sweeping. Both antennas' centers were 1.10 m above the floor and 1.50 m below the ceiling. Both antennas were connected to the VNA. To avoid spurious reflections, the path and the antenna test equipment were covered with radar absorbing material. The calibration was done by removing the antenna and placing another W -band test horn antenna as the emitter and recording the free-space transmission versus frequency. This curve served as a base for the measurement, allowing the cancellation of the frequency dependent response introduced by the system.
The E-plane radiation diagram for the BE antenna was acquired from −10 to 90°, with a step of 0.5°, and from 80 to 110 GHz with a step of 100 MHz. Black curves in Fig. 3 show the recorded realized gain [ Fig. 3(b) ] and E-plane radiation diagram [ Fig. 3(c) ], whereas green curves show values for the adjusted antenna. The H -plane was not experimentally characterized because, as discussed above, the leaky wave responsible for the enhanced radiation and tilted beaming runs along the vertical direction modifying fundamentally the E-plane diagram (in fact, the antenna is designed to have a tilted beam only in the E-plane). Hence, the H -plane of the simulated ideal antenna is only compared with that of the simulated adjusted antenna [ Fig. 3(d) ].
As it was commented in Section III, due to the narrowing of the corrugations in the manufactured prototype, a 4 GHz shift of the maximum gain frequency toward 96 GHz appears for both manufactured and adjusted antennas. This deviation from the optimal values causes a reduction of approximately 1 dB in the gain, according to the simulation results of the adjusted antenna. The experimental gain presents a reduction of ∼2.3 dB (the peak gain reaches 17 dB), which might be due to the extra losses introduced by metal roughness [52] and additional experimental errors not considered in the simulation. Furthermore, there is a slight deviation of approximately 1.5°in the pointing angle of the θ −3dB = 3.5°beam that happens in the experiment at θ = 16.5°instead of the design value of 15°, attributable to misalignment of the antennas in the experimental setup.
Following a similar process to that carried out for the ideal antenna, the attenuation constants at f = 96 GHz were calculated for the fabricated antenna. Thus, for the FW section, it was obtained α/k = 0.02, whereas for the BW section α/k = 0.017. The lower values of α/k for the fabricated antenna verify the observed narrower experimental beamwidth compared to that of the ideal antenna. This highlights that the fabrication tolerances affect in a higher degree the BW half, as the deviation between the normalized attenuation constants for BW is evidently larger than for FW. In this case, the simulated beamwidth for the FW part (2.36°) and the theoretical one obtained with (9) (2.33°) agree in a higher degree than the simulated and theoretical values for the BW part (2.27°and 2°, respectively).
The experimental contour plot showing the E-plane gain in terms of frequency and angle at the previously specified ranges is displayed in Fig. 5(b) . It shows an overall good agreement with the simulated ideal geometry [ Fig. 5(a) ] and adjusted geometry [ Fig. 5(c)] , aside from the mentioned frequency shift and reduced gain due to fabrication tolerances.
V. CONCLUSION
An asymmetric leaky-wave BE antenna working at 96 GHz has been designed, fabricated and experimentally characterized. The asymmetric distribution of the half-annular corrugations in the upper and lower half of the antenna enables a tilted beam pointing at 16.5°. Simple design formulas for the grooves' shape have been presented. The optimized design has been described and then the 3-D printed split-block antenna has been fabricated by SLA, copper-coated, and then fastened. The results obtained for the ideal and fabricated antennas agree quite well, except for a frequency shift in both the S 11 matching frequency and in the frequency of maximum gain. This shift is arguably due to fabrication tolerances, since introducing the realized values in the model the frequency shift has been recovered. The fabricated antenna presents, at the operation frequency f = 96 GHz, a 17 dB gain and a −3 dB beamwidth in the E-plane of 3.5°at a beam pointing angle θ = 16.5°. Despite the slight inaccuracies and the high-operating frequency, the present solution provides an effective alternative to fully metal structures, thanks to its costeffective fabrication process and the 75% weight reduction. Although the tolerances on each fabrication step are somehow known a priori and were taken into account in the design, the overall fabrication tolerance is not. This is the origin of the shifts observed in this paper in both pointing angle and input-impedance bands with respect to the beamwidth and bandwidth, respectively. As far as design and fabrication are concerned, a closed-loop dimensional control process should be carried out to produce an optimized prototype. This kind of antennas may be interesting for UAV and microsatellite applications and in high-capacity point-to-point communications which require a tilted beam.
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